The Ardipithecus ramidus Skull and Its Implications for Hominid Origins
Gen Suwa, Berhane Asfaw, Reiko T. Kono, Daisuke Kubo, C. Owen Lovejoy, Tim D. White T he key feature that distinguishes Homo sapiens from other primates is our unusually large brain, which allows us to communicate, make tools, plan, and modify our environment. Understanding how and when our cognitive ability evolved has been a special focus in anthropology and, more recently, genetics. Fossil hominid skulls provide direct evidence of skull evolution and information about diet, appearance, and behavior. Skulls feature prominently in the characterization of species, in taxonomy, and in phylogenetic analyses of both extinct and living primates.
Unfortunately, hominid skulls are relatively rare in the fossil record. A number of partial skulls and crania (skulls without a lower jaw) of early Homo and its predecessor, Australopithecus (which lived 1 to 4 million years ago), have been recovered, but relatively few are complete enough for extensive comparisons. One surprisingly complete but distorted cranium from 6 to 7 million years ago was discovered in central Africa (Chad). This fossil, Sahelanthropus tchadensis (a.k.a. "Toumaï "), is thought by many to represent the earliest known hominid, although some have argued that it is a female ape.
The Ardipithecus ramidus skull is of particular interest because it predates known Australopithecus and thereby illuminates the early evolution of the hominid skull, brain, and face. The Ar. ramidus skull was badly crushed, and many of its bones were scattered over a wide area. Because the bones were so fragile and damaged, we imaged them with micro-computed tomography, making more than 5000 slices. We assembled the fragments into more than 60 key virtual pieces of the braincase, face, and teeth, enough to allow us to digitally reconstruct a largely complete cranium.
The fossil skulls of Australopithecus indicate that its brain was 400 to 550 cm 3 in size, slightly larger than the brains of modern apes of similar body size and about a third of those of typical Homo sapiens. Its specialized craniofacial architecture facilitated the production of strong chewing forces along the entire row of teeth located behind its canines. These postcanine teeth were enlarged and had thick enamel, consistent with a hard/tough and abrasive diet. Some species exhibited extreme manifestations of this specialized chewing apparatus and are known as "robust" Australopithecus.
Ar. ramidus had a small brain (300 to 350 cm 3 ), similar to that of bonobos and female chimpanzees and smaller than that of Australopithecus. The Ar. ramidus face is also small and lacks the large cheeks of "heavy chewing" Australopithecus. It has a projecting muzzle as in Sahelanthropus, which gives it a decidedly ape-like gestalt. Yet the Ar. ramidus skull is not particularly chimpanzee-like. For example, the ridge above the eye socket is unlike that of a chimpanzee, and its lower face does not project forward as much as a chimpanzee's face. Chimps primarily eat ripe fruits and have large incisors set in a projecting lower face. Ar. ramidus instead was probably more omnivorous and fed both in trees and on the ground. Additionally, in chimpanzees, forward placement of the entire lower face is exaggerated, perhaps linked with their large tusklike canines (especially in males) and elevated levels of aggression. This is not seen in Ar. ramidus, implying that it was less socially aggressive.
Like Ar. ramidus, S. tchadensis had a brain that was less than 400 cm 3 in size. It also resembled Ar. ramidus in having small nonsharpened canines. Details of the bottom of the skull show that both Ar. ramidus and Sahelanthropus had a short cranial base, a feature also shared with Australopithecus. Furthermore, we infer that the rear of the Ar. ramidus skull was downturned like that suggested for Sahelanthropus. These similarities confirm that Sahelanthropus was indeed a hominid, not an extinct ape.
These and an additional feature of the skull hint that, despite its small size, the brain of Ar. ramidus may have already begun to develop some aspects of later hominid-like form and function. The steep orientation of the bone on which the brain stem rests suggests that the base of the Ar. ramidus brain might have been more flexed than in apes. In Australopithecus, a flexed cranial base occurs together with expansion of the posterior parietal cortex, a part of the modern human brain involved in aspects of visual and spatial perception. The highly fragmented and distorted skull of the adult skeleton ARA-VP-6/500 includes most of the dentition and preserves substantial parts of the face, vault, and base. Anatomical comparisons and micro-computed tomography-based analysis of this and other remains reveal pre-Australopithecus hominid craniofacial morphology and structure. The Ardipithecus ramidus skull exhibits a small endocranial capacity (300 to 350 cubic centimeters), small cranial size relative to body size, considerable midfacial projection, and a lack of modern African ape-like extreme lower facial prognathism. Its short posterior cranial base differs from that of both Pan troglodytes and P. paniscus. Ar. ramidus lacks the broad, anteriorly situated zygomaxillary facial skeleton developed in later Australopithecus. This combination of features is apparently shared by Sahelanthropus, showing that the Mio-Pliocene hominid cranium differed substantially from those of both extant apes and Australopithecus.
T he first fossil of Australopithecus, a partial child's skull found in 1924 at Taung, South Africa, was reported by R. A. Dart to combine an ape-like cranial capacity with distinctive hominid features such as weak facial prognathism, small anterior deciduous teeth, and an anteriorly situated foramen magnum (1). Since then, diverse Plio-Pleistocene cranial fossils have been recovered, primarily in southern and eastern Africa, establishing a widely recognized Australopithecus grade of evolution (2) (3) (4) (5) (6) . Australopithecus crania exhibit small, chimpanzee-to-gorilla-sized cranial capacities, distinct cranial base flexion, and varying degrees of postcanine megadonty with associated craniofacial/vault morphologies (2-5, 7-10). The derivation of the genus Homo from Pliocene Australopithecus is probable (11) , whereas the pre-Pliocene ancestry of Australopithecus has been elusive.
Until now, the only substantial specimen to shed any light on pre-Australopithecus hominid cranial evolution was that of Sahelanthropus tchadensis from Chad (12) . Discovered in 2001, this Late Miocene cranium [specimen TM 266-01-060-1; estimated at 6.0 to 7.0 million years ago (Ma)] combines a cranial capacity smaller than Australopithecus with a long and low neurocranium, an anteriorly extended upper face surmounted by a massive supraorbital torus with no post-toral sulcus, and a lower face less prognathic than those of either chimpanzees or gorillas (12) (13) (14) . The posterior vault and cranial base are described as resembling post-3.5 Ma Pliocene Australopithecus (12) (13) (14) . However, the hominid status of S. tchadensis has been challenged; some opined that it exhibits a surprisingly evolved face (15) , whereas others have suggested it to be a gorilla ancestor or some other ape (16, 17) .
We report here the skull of Ardipithecus ramidus recovered from Aramis, Ethiopia, as a part of the ARA-VP-6/500 skeleton (18) . Together with other key Aramis specimens, including the ARA-VP-1/500 temporal/occipital portion (19) , these fossils constitute the first substantial cranial remains of a pre-Australopithecus hominid directly associated with extensive postcranial remains (18) . The Ar. ramidus postcranium indicates both substantial arboreal capability and an intermediate form of terrestrial bipedality that preceded the more fully established Australopithecus condition (20) (21) (22) (23) . The revelation of a primitive pre-Austalopithecus locomotor grade raises substantial interest in establishing the major features of the Ardipithecus cranium. Did Ar. ramidus share any of the derived hominid features seen in Australopithecus, or did it exhibit a skull more like those of extant African apes? What are its implications with respect to the controversies surrounding the hominid status of Sahelanthropus? We seek answers to these questions by comparing the Aramis fossils to Australopithecus, Sahelanthropus, and extant African apes, and we offer new hypotheses about cranial evolution in the hominid and African ape clades.
The ARA-VP-6/500 skull. The ARA-VP-6/ 500 skull comprises most of the vault, parts of the base, much of the right face, the left Fig. 1 and fig. S1 ). These elements were scattered widely across the excavation area (18) . Many were partially disintegrated by the silty clay sediment, and major structures were fragmentary and variably distorted. Each was stabilized in the field, transported within its encasing sediment via plaster jacket, and later extracted from matrix under a binocular microscope.
The extracted pieces preserve contiguous bone from lambdoidal suture to face, but distortion prevented correct alignments (24) . The largest intact element is most of the relatively well-preserved left parietal portion. It was collapsed into the vault space such that cranial height was reduced to~35 mm ( Fig. 1 ). There has been excessive fragmentation and/or damage to the temporal and occipital portions. Individual pieces are so friable and soft that edge cleaning would have risked serious damage and loss of conjoint surface morphology. Therefore, major pieces were molded and otherwise left largely as recovered. Restoration was undertaken independently using casts (Berkeley, CA) and digital data (Tokyo, Japan).
In December 2003, we used high-resolution micro-computed tomography (CT) to scan the original fossils. We then segmented the representations of the better-preserved parts into 64 separate polygon shells. Using these digital models, we corrected the positions and alignments of each individual piece (24) (Fig. 2) . We then added the digital model of the better-preserved ARA-VP-1/500 temporal/occipital fossil (19) (scaled to 92% size) to complete the ARA-VP-6/ 500-based reconstruction of the Ar. ramidus cranium (25) . The descriptions and comparisons that follow initially outline key features observed directly on the individually preserved fossils and then extend these to an analysis of the digital reconstruction.
Basion position and basicranial length. In our initial evaluation of Ar. ramidus (19), we noted the anterior position of the foramen magnum relative to lateral basicranial structures and interpreted this as a derived condition shared with later hominids. However, the utility of our observations has been questioned (26, 27) . Here, we re-evaluate basion position and its importance in Ar. ramidus, using the newly available micro-CT data. These data allow high-resolution, three-dimensional wholesurface topographic assessment (Fig. 3) . To minimize influences of orientation, we evaluated basion position in the basioccipital plane (Fig. 3 ) and confined our analysis to landmarks located inferiorly on the cranial base (i.e., excluding porion) (28) . In ARA-VP-1/500, our digital methods yield a basion position 1.3 mm posterior to the center of the carotid foramen.
Previous workers have cautioned that because bonobos tend to have an anteriorly positioned foramen magnum (29), anterior placement of the basion might be primitive and therefore not a derived hominid feature (27) . Thus, we compared basion position of Ar. ramidus with that of both Pan troglodytes and P. paniscus (24) , as well as with Plio-Pleistocene Australopithecus. We found that although P. paniscus (mean 6.4 mm, n = 28 specimens) does have a slightly shorter basion-to-bicarotid distance than P. troglodytes (mean 7.3 mm, n = 20), this difference was not statistically significant. Furthermore, both species exhibit almost identical relative values when scaled by size (bicarotid breadth) (Fig. 3) .
Basion position of Australopithecus overlaps minimally with the two Pan species (Fig. 3 and   fig. S2 ). In Plio-Pleistocene hominids, the basion is situated from~0 to 5 mm posterior to the carotid foramen (30). This distance is generally <10% of bicarotid breadth, whereas the same index is >10% in both species of Pan. ARA-VP-1/500 lies at the extreme lower end of the hominid range and is clearly distinct from Pan (31). Sahelanthropus also shares the hominid condition. On the basis of published information and our own observations of the original fossil with allowance for the effects of taphonomic damage, the basion was probably positioned 
We also evaluated distance from the basion to the bi-foramen ovale (basi-ovale) chord as an alternative measure of posterior basicranial length (32) (figs. S3 and S4). Regression analysis in Pan shows a proportional relation between basi-ovale distance and basioccipital length. This relation also holds for Australopithecus. Therefore, basi-ovale distance can be used as a proxy for basioccipital length. Although ARA-VP-1/500 does not preserve the foramen ovale itself, the internal lateral wall of the foramen spinosum is preserved (Fig. 3) , which permits a reasonable estimate of basi-ovale distance (24) .
Ar. ramidus falls squarely within the hominid range ( fig. S4) . Although bonobos exhibit an absolutely shorter basi-ovale distance than do common chimpanzees throughout growth, this length relative to bicarotid breadth differs comparatively little between the corresponding age groups of the two species or among their growth periods ( fig. S4) . Thus, the wide and short posterior cranial base of Ar. ramidus and Plio-Pleistocene hominids is not part of a continuum seen in modern ape morphology, but rather appears to reflect reorganization of the cranial base, most likely manifested early in ontogeny. Analysis of juvenile Australopithecus crania will allow a test of this prediction.
Though differences in posterior cranial base lengths and proportions are seen in the two Pan fig. S5 ) and endocranially in the length of the planum sphenoideum (33) . The morphological effects of these differences are a particularly elongate nasopharyngeal region with anterior placement of the palate and the entire dental arcade in P. troglodytes ( fig. S6) . Hence, the cranial base and facial hafting pattern of P. troglodytes appears highly derived relative to both P. paniscus and Ar. ramidus.
The Ar. ramidus face and vault: basic morphology. The ARA-VP-6/500-115 maxilla exhibits a superoinferiorly short face and weak prognathism compared with the common chimpanzee. Its overall structure resembles that of Sahelanthropus, although it is smaller in size and proportionately shorter superoinferiorly. The preserved incisor alveoli and the size of its isolated roots/partial crowns indicates weak subnasal prognathism compared with both the common chimpanzee and the smaller-faced bonobo. This reflects the lack of incisor hypertrophy in Ar. ramidus (34) . Facial topography from the infraorbital plane to the nasal aperture suggests that it had a short but projecting muzzle, considerably more primitive than the flatter-faced Plio-Pleistocene Australopithecus or the gracilized face of small Homo specimens such as KNM-ER 1813. The zygomatic root of the maxilla (anterior face) is placed above the upper first molar (M 1 ), more posterior than is typical of Pliocene Australopithecus, but more anterior than is seen modally in bonobos and common chimpanzees. This reflects a less prognathic face compared with Pan and probably represents the primitive condition for both hominids and African apes. A similar zygomatic root location is found in many Miocene apes (e.g., Kenyapithecus, Nacholapithecus, Sivapithecus, Dryopithecus, Pierolapithecus, and Ouranopithecus).
The ARA-VP-6/500-115 maxilla exhibits a small but distinct upper second incisor/canine diastema (reportedly absent in Sahelanthropus and variable in Au. afarensis). Dental-arcade shape is observable in the ARA-VP-6/500 restoration and the ARA-VP-1/401 mandible (from an older presumed female) (Fig. 2) . The mandible exhibits some primitive features, as well as some derived features shared with early Australopithecus. Although the canine-to-postcanine tooth row is straight in ARA-VP-6/500 [as it is in Au. anamensis (KNM-KP 29281) (35, 36) and some Au. afarensis (10)], the better-preserved ARA-VP-1/401 mandible exhibits an anteromedial position of the lower canine relative to lower third premolar, as in most Au. afarensis. However, the worn lower canine of ARA-VP-1/401 projects above both the postcanine occlusal and incisal planes, indicating that it was not incorporated into the functional incisive row, thus differing from Australopithecus (37). The validity of the bilateral placements was evaluated by examining semicircular canal asymmetry, which was confirmed to be slight and within ranges observed in humans (57, 58) . Radii of the semicircular canals were measured as in (59) and were found comparable to the modern ape and Australopithecus conditions (60). In mandibular corpus morphology, ARA-VP-1/401 exhibits a posteriorly receding symphysis and lateral corpus proportions resembling Au. anamensis rather than Pan. However, compared with Au. anamensis, both ARA-VP-1/401 and ARA-VP-6/500 exhibit a less inflated mandibular corpus, accompanied by extensive lateral hollowing and high posterior placement of the ramus root. The Ar. ramidus mandible is similar to those of Sahelanthropus and Ar. kadabba in corpus dimensions (12, 38, 39) , ramus root position and development, and circum mid-corpus height placement of the anterosuperiorly exiting mental foramen.
The Ar. ramidus supraorbital torus is represented by a small but informative segment of the ARA-VP-6/500 frontal bone. The torus is vertically 6 mm thick at about mid-orbital position, a location commonly thinnest in African apes. It is equivalent to the thinnest end of the P. troglodytes range (40) . Although there is considerable individual variation and overlap of ranges in torus thickness between the sexes of modern apes (12, 17) , the thin supraorbital torus of ARA-VP-6/500 suggests that this individual was female, supporting our sex assignment on the basis of canine size (34) . Concavity behind the torus is slight, indicating the absence of Gorilla-or Pan-like post-toral sulci. The lateral wall of the frontal sinus is exposed on the medial break of the preserved supratoral region. Thus, the presence of a sizeable frontal sinus is shared with both Pan and Gorilla.
The frontozygomatic region lateral to the orbit of the Ar. ramidus cranium is wide and rugose, comparable to robust individuals of P. troglodytes, and distinctively more robust than in the bonobo. The temporal line turns posteriorly at about mid-orbital position, comparable to Sahelanthropus, and well within the wide P. troglodytes range of variation. The superior temporal line then runs largely anteroposteriorly for the length of the parietal portion (right and left lines separated by~25 mm) and crosses the lambdoidal suture. The crushed occipital region does not allow for comprehensive evaluation of compound temporal/nuchal crest configuration, but a small compound crest is preserved laterally on the left side. Such a crest is variably expressed in both male and female P. troglodytes but is typically absent in bonobos (both sexes). A similar crest is commonly seen in Au. afarensis (10) .
In summary, the facial bones of ARA-VP-6/ 500 suggest that prognathism is weaker than in Pan, but that the masticatory complex is more developed than in bonobos, consistent with the larger Ar. ramidus postcanine dentition (34) . The ARA-VP-6/500 face is markedly short superoinferiorly, but modern ape data (10, 41, 42) show that such facial features are highly variable within sexes and species. Hence, we do not consider its short face to be a species character of Ar. ramidus.
The Ar. ramidus cranium: overall structure and comparisons. Digital restoration of the ARA-VP-6/500 cranium enables further observation and quantitative evaluation of its craniofacial architecture (24) (Figs. 2 and 4, fig. S7 , and table S1). The Ar. ramidus cranium shares enhanced relative upper facial projection (Fig. 4A) with Sahelanthropus (14) and later Pliocene hominids. However, the ape-like projecting midfacial muzzle of the Sahelanthropus/Ardipithecus face clearly differs from that of Australopithecus and early Homo, as shown metrically in Fig. 4B .
The Ardipithecus cranium also lacks the suite of derived masticatory features characteristic of later Australopithecus (2-5, 7-11, 43-47) . We compared two such parameters, one of them explicitly examined in Sahelanthropus (14) . Relative to biorbital breadth, maximum midfacial-zygomatic breadth at the orbital plane is considerably enhanced in Australopithecus (facial mask index, Fig. 4C ) (10) . Another measure, the overlap index (Fig. 4D) , reflects the extent of anteroposterior overlap between the anterior-most limit of the origin of masseter and the postcanine tooth row (10, 43) . In this measure, Ar. ramidus overlaps with Gorilla and the least derived end of the Australopithecus range.
Comparisons of Ar. ramidus and Australopithecus with the two extant Pan species reveal distinct cranial structures characteristic of each species. A pronounced feature of P. troglodytes is its elongate nasopharyngeal region and long anterior cranial base (see earlier in text). Associated morphological correlates include an anteroposteriorly elongate temporal fossa and infratemporal crest, as well as an anteriorly extended glenoid and preglenoid plane (48) . The entire lower face/dentition is anteriorly displaced, an inference supported by morphological details such as the configuration of the posterior alveolar process. The P. troglodytes post-M 3 maxillary tuberosity tends to be anteroposteriorly long, thereby adding to evidence for anterior displacement of the entire dental arcade relative to the pterygoid plates. The combined effect is an extremely prognathic lower face (Fig. 4E and  fig. S6 ). We hypothesize that these craniofacial structures are highly derived but are not dietary adaptations; instead they are related to canine enlargement (34) , perhaps in association with enhanced gape and/or increased aggression in P. troglodytes. Although most of these details cannot yet be directly observed in the Ar. ramidus cranium, it appears that such specializations were lacking. This is inferred from features such as the anteroposteriorly short glenoid and the ARA-VP-6/500-based reconstruction with an anteroposteriorly short temporal fossa as in P. paniscus and G. gorilla.
The bonobo shares a long premaxilla and large incisors with the common chimpanzee, but Fig. 5 . Natural log-log plot of total cranial length against cranial capacity (24) . Least-squares regression lines for the catarrhine subsets are fitted. African apes are Gorilla gorilla, P. troglodytes troglodytes, P. t. schweinfurth, and P. paniscus. Although P. t. schweinfurthi has a smaller body size, it has a larger ECC and cranial length than P. t. troglodytes. Bonobos have small skull size relative to ECC. Ar. ramidus (large red filled star) is plotted using the ARA-VP-6/500 body weight of~50 kg (23) and a rough total cranial length estimate of 162.5 mm ( fig. S7 and table S1 ). The boxed range of Ar. ramidus is depicted with a wide ECC range of 280 to 350 cm lacks the extreme features of the latter. Instead, the bonobo cranium appears uniquely derived in its particularly small face and jaws (Fig. 4, F to H) (compared with both P. troglodytes and Ar. ramidus). This structural pattern is consilient with the hypothesized size reduction of the entire bonobo dentition (34) . The gorilla cranium is almost certainly derived in exhibiting an extreme anteriorly and inferiorly developed lower face [analytical results of (13, 14) ]. These and other facial and jaw features of the gorilla, some paralleling the Australopithecus condition (Fig. 4 , C, G, and H), are best interpreted as the combined effects of allometry (large absolute size) and functional adaptations to herbivory.
Cranial capacity, scaling, and cranial base flexion. Because the endocranial surface of the frontal pole region is preserved in ARA-VP-6/500, we were able to estimate cranial capacity from internal calvarial dimensions (length, breadth, and height). Multiple regressions based on modern African apes (total n = 18, sexbalanced samples of P. troglodytes, P. pansicus and G. gorilla) yield an estimate of 300 T 10 cm 3 , with a larger range of 280 to 350 cm 3 if we account for uncertainty that stems from combining ARA-VP-6/500 and the scaled ARA-VP-1/500 temporal/occipital portion (24) . This small cranial capacity is comparable with that of female Pan ( fig. S8) .
Extending the Ar. ramidus reconstruction to include a rough approximation of total cranial length ( fig. S7 and table S1 ) allows for a comparison of cranial size (maximum cranial length) with body size (fig. S9 ). Because subfamily level trends have been reported among catarrhines in relative endocranial volume (49), we also examined total skull length in relation to endocranial capacity (ECC). In addition to some colobines (in particular, Presbytis sensu stricto), atelines, hylobatids, and Pan, Ar. ramidus has the smallest relative cranial length among large-bodied anthropoids [as judged from regressions of cranial length on endocranial volume (Fig. 5) ]. Because maximum cranial length controlled for endocranial volume must largely reflect facial and nuchal size, the results suggest a particularly gracile head in the ARA-VP-6/500 individual (50) . At the same time, our scaling analysis shows that postcranially dimorphic species tend to exhibit a large cranial size relative to that of the endocranium, as well as a large degree of cranial size dimorphism. In this context, it is instructive that Ar. ramidus shares its relatively small cranial size with taxa that are weakly dimorphic both cranially and postcranially.
Despite its small cranial capacity, there is tantalizing evidence for advanced cranial base flexion in Ar. ramidus. This is seen from the steep orientation of its clivus, which directly reflects midsagittal flexion (figs. S10 and S11). However, because bonobos and Australopithecus overlap in measures of cranial base flexion (33, 41, 51) , it is uncertain whether Ar. ramidus represents a primitive condition shared with bonobos or a more Australopithecus-like flexion involving the planum sphenoideum and/or greater orbital kyphosis (52) .
The Sahelanthropus and Ardipithecus crania securely associate a relatively short basicranium with small cranial capacity. The hominid basicranial pattern and associated morphologies [such as foramen magnum orientation (24) ] are widely held to be related to bipedality and upright posture (12, 13) , despite a lack of empirical evidence to clearly support a functionally based correlation (52, 53) . The Ar. ramidus cranium raises the alternative possibility that early hominid cranial base flexion was associated with neural reorganization that was already present in Sahelanthropus/Ardipithecus, as suggested for Pliocene Australopithecus (1, 54, 55) . Such a hypothetical supposition is in part testable by both future fossil finds and by anticipated advances in our understanding of genomic expression patterns pertaining to brain function, structure, and morphogenesis.
Conclusions. Micro-CT-based evaluations of the Ar. ramidus cranial base confirm a derived basicranium of Ar. ramidus shared by both Sahelanthropus and Australopithecus. Our comparative analyses of P. troglodytes and P. paniscus suggest that this probably reflects basicranial organization unique to the hominid clade. The digitally reconstructed Ar. ramidus skull further allows a variety of inferences about African ape and hominid evolution. Cranial capacity of preAustralopithecus hominids (as represented by Ar. ramidus and S. tchadensis) was probably slightly smaller than that of Australopithecus and also more comparable to Pan. The Ar. ramidus skull (and that of S. tchadensis) lacked the masticatory specializations of later Australopithecus, consistent with the dental evidence for an omnivore/frugivore niche lacking emphasis on hard and/or abrasive diets. Finally, comparisons of Ar. ramidus and extant African apes suggest that each is unique in aspects of its cranial anatomy. In particular, the common chimpanzee appears derived in its forwardly placed lower facial skeleton, possibly associated with increased aggression, whereas the bonobo is characterized by a secondary reduction of facial size. Ar. ramidus and Sahelanthropus lack these specialized morphologies of Pan and constitute the probable ancestral morphotype of Pliocene Australopithecus.
